Immunoglobulin affinity maturation depends on somatic hypermutation (SHM) in immunoglobulin variable (IgV) regions initiated by activation-induced cytidine deaminase (AID). AID induces transition mutations by C→U deamination on both strands, causing C:G→T:A. Error-prone repairs of U by base excision and mismatch repairs (MMRs) create transversion mutations at C/G and mutations at A/T sites. In Neuberger's model, it remained to be clarified how transition/transversion repair is regulated. We investigate the role of AID-interacting GANP (germinal center-associated nuclear protein) in the IgV SHM profile. GANP enhances transition mutation of the non-transcribed strand G and reduces mutation at A, restricted to GYW of the AID hotspot motif. It reduces DNA polymerase η hotspot mutations associated with MMRs followed by uracil-DNA glycosylase. Mutation comparison between IgV complementary and framework regions (FWRs) by Bayesian statistical estimation demonstrates that GANP supports the preservation of IgV FWR genomic sequences. GANP works to maintain antibody structure by reducing drastic changes in the IgV FWR in affinity maturation.
Introduction
Naive B cells expressing BCRs of the primary repertoire specifically recognize various exogenous antigens and undergo affinity maturation for acquired immunity during their proliferation in the germinal centers (GCs) of lymphoid follicles. The immunoglobulin variable (IgV) region undergoes diversification in antigen-driven B cells with somatic hypermutation (SHM) initiated by activation-induced cytidine deaminase (AID) (1-3), followed by subsequent selection of high-affinity B cells in the GCs (4) (5) (6) . AID induces C→U deamination, preferentially at WRC (W = A or T, R = A or G) hotspot motifs on both the template and non-template strands of the rearranged IgV region during active transcription (4, (7) (8) (9) (10) . Studies of SHM in the IgV region by Neuberger's group using uracil-DNA glycosylase (UNG) and mismatch repair (MMR)-deficient mice suggested a two-phase stepwise model by which AID-generated U is processed in the IgV region (11, 12) . In this model, B cells undergo another round of cell division, creating C→T and G→A transition (Ts) mutations by direct replication opposite U-containing templates (Phase 1a). The removal of U by UNG and replication across the resulting abasic sites during base excision repair (BER) generates C→(G/A) and G→(C/T) transversions (Tv) in addition to Ts mutations (Phase 1b). Further SHM diversification involves error-prone MMR, during which the short patches of DNA sequences surrounding U:G mismatches are excised and inaccurately resynthesized by error-prone DNA polymerases concurrently expressed in GC B cells (Phase 2) (13) (14) (15) (16) (17) (18) (19) . Phase 2 of SHM gives rise to a variety of mutations, including A→(T/G/C) and T→(C/G/A), in the DNA regions surrounding the G:U mismatch. Thus, sites of AID-induced cytidine deamination might represent special anchoring sites from which SHM mutations spread throughout the rearranged IgV regions.
AID initiates both IgV-region SHM and switch-region (S-region) class switch recombination (CSR) (13, 20, 21) . The level of AID-induced mutation at the S-region sequences exclusively correlates with the rate of CSR. However, in the case of affinity maturation, the overall rate of IgV region seems not to correlate with the increase in the antibody affinity for the target antigen. The generation of high-affinity antibodies depends not only on IgV-region SHM, but also on the antigen-driven selection process. Analyses of IgV-region SHM and the selection process have shown the importance of the SHM mutation types and their distributions across the IgV regions for the production of highaffinity memory and plasma B cells (22, 23) . High-throughput IgV sequencing and computational methods have been used to study the antigen-driven selection process during the affinity maturation of human IgV (24) (25) (26) . In particular, Yaari et al. (27) developed a Bayesian statistical method, 'BASELINe', to detect and quantify the selection work by comparing the observed frequencies of non-synonymous amino acid replacement (R) mutations and silent synonymous (S) mutations with the expected frequencies for R and S. The expected frequencies for R and S are calculated based on the underlying targeting model to account for SHM hot and cold spots and any nucleotide substitution bias (27, 28) . This approach has demonstrated different selection pressures acting on the IgV complementaritydetermining regions (CDRs) and the framework regions (FWRs) during the maturation of antigen-driven B cells in the peripheral lymphoid organs. Hershberg and Shlomchik (5) , who focused on the mutation profile and the codon usage of the genomic IgVregion sequences, noted the differences in potential of amino acid changes in the IgV-region CDRs and FWRs of the heavy and light chains. Thus, a simple random increase in IgV-region SHM does not directly correlate with the affinity maturation of antigen-specific B cells, but the types of SHM mutations leading to advantageous amino acid changes in individual IgV regions are important for the generation of high-affinity B cells.
GANP (germinal center-associated nuclear protein) is required for the affinity maturation of antigen-specific B cells in the mouse system after immunization with T-cell-dependent antigens (29, 30) . B-cell-specific Ganp-deficient (B-GANP −/− ) mice showed impairment in their affinity maturation of antibodies against immunizing antigens. In contrast, B-cell-specific Ganp-transgenic (GANP Tg ) mice generate much higher affinity antibodies for antigens such as 4-hydroxy-3-nitrophenylacetyl (NP)-hapten and the HIV 1 gp41 epitope (31) . GANP is involved in the IgV transcription complex after shepherding AID toward the nucleus to allow AID access (32) and regulates nucleosome occupancy for transcription in the rearranged IgV region (33) . While GANP markedly increases the access of AID to IgV-region loci, its effect on the SHM mutation rate in the antigen-specific high-affinity hybridomas remains modest. Here, we studied the effect of GANP on the SHM profile in the levels of nucleotide and amino acid of IgV-region CDRs and FWRs in generation of antigen-specific high-affinity B cells.
Methods

BASELINe program analysis
Mutated sequences were prepared in the FASTA format and aligned using the Clustal Omega multiple sequence alignment tool (http://www.ebi.ac.uk/Tools/msa/clustalo/). The sequences were prepared according to the software guidelines and uploaded to the server (27, 28) . Briefly, the sequences were aligned so that the V H 186.2 germline was the first sequence. The V H 186.2 germline sequence was used as the 'consensus' sequence to which all the other sequences were compared. The identified mutations were classified as either silent (S) or replacement (R) mutations.
Protein Variability Server
The protein sequences were extracted from the original base sequence data using EMBOSS Transeq (http://www.ebi. ac.uk/Tools/st/emboss_transeq/). The sequences were prepared in the FASTA format and aligned as described above. The aligned sequences were analyzed for protein variability using the Protein Variability Server (PVS) implementing Shannon entropy (34) (http://imed.med.ucm.es/PVS).
Isolation of GC B cells
B-cell-specific GANP
Tg and B-GANP −/− mice have been described previously (32, 33) . The mice were immunized with NP-chicken γ-globulin (NP-CGG) in alum (100 µg per mouse) for 14 days and their splenic B cells were isolated with a B-cell isolation kit combined with a magnetic cell sorter (autoMACS Pro Separator; Miltenyi Biotec). The GC B cells were isolated from the B220 
IgV-region sequence and SHM
The IgV-region sequences from the immunized mice were analyzed with PCR using primer pair of the forward 5′-TTCTTGGCAGCAACAGCTACAGGTAAGG-3′ and the reverse 5′-GCAGGCTTGAGGTCTGGACATATACATG-3′. The aligned sequences of IgV region were analyzed for mutation patterns using SHMTool, as previously described (35) .
The AID-bound IgV-region sequences from Ramos transfectants were analyzed with PCR using primer pair of the forward 5′-TGGGGCGCAGGACTGTTGAAGCCTTC-3′ and the reverse 5′-CCTTGGCCCCAGACGTCCAT-3′.
Measurement of UNG activity
A 33-nt oligonucleotide (5′-AAAGTGGAAAGUAAAGAGGAAA GGTGAGGAGGT-3′) was 5′-end labeled with 32 P using T4 polynucleotide kinase. The labeled oligonucleotide was annealed to a complementary strand to form a dsDNA substrate containing a G:U mismatch. The nuclear extract from cells of the human B-cell line Ramos were prepared as described previously (33) . The uracil excision activity in the Ramos cell extract was measured by incubating 250 fmol of the 32 P-labeled dsDNA with 200 ng of the nuclear extract in a buffer containing 10 mM Tris-HCl (pH 8), 1 mM dithiothreitol, and 1 mM EDTA (30 µl volume). When appropriate 6 µof an anti-SMUG1 neutralizing antibody (36) was pre-incubated with the Ramos nuclear extract for 3 min at 37°C before the addition of the DNA substrate. After incubation for 1-20 min, the reactions were quenched by double extraction with phenol:chloroform:isoamyl alcohol (25:24:1). To cleave the abasic site that resulted from the excision of U, the reaction mixtures were heated at 95°C for 5 min in the presence of 0.1 N NaOH. The cleaved product (11 nt) and uncleaved substrate (33 nt) were separated on a 16% denaturing PAGE gel, visualized and quantified with a STORM phosphorimager scanner and the ImageQuant software (GE Healthcare). The specific activity of the enzyme, defined as femtomole of excised U per minute per milligram of cell extract, was measured in the linear range of the cell extract concentration against time, after incubation for 5 or 10 min.
Results
Antigen-driven IgV-region profile of GC B cells from GANP mutant mice
We have previously shown that GANP Tg mice generate antibodies with much higher affinity for NP-CGG than those produced by wild-type (WT) mice (31) . To further understand the mechanism of the GANP-mediated increase in antibody affinity, we investigated the effect of GANP on the IgV-region SHM profile in mouse GC B cells after immunization with NP-CGG. Mice were immunized with NP-CGG for 14 days and the GC B cells expressing B220 + GL-7 + Fas + were purified with cell sorting. Sequence analysis of the V H 186.2 region showed that the mutation frequency was significantly lower in the B-GANP −/− mice than in the GANP F/F mice ( Fig. 1a ; Supplementary Table S1, available at International Immunology Online). On the contrary, we found an alteration in the SHM profile of the GANP Tg mice, with a significant increase in the proportion of Ts mutations at C/G sites ( (Fig. 2a, right panel) . The B-GANP −/− mice showed no obvious change in the strength of the positive selection in the CDR (red dashed line). In contrast, the B-GANP −/− mice displayed a slightly more negative Σ value in the FWR (blue dashed line) compared with the GANP F/F (blue solid line) (Fig. 2a, left panel) . However, this could be explained by the markedly reduced mutation in the absence of GANP, leading to a considerable reduction in amino acid substitutions, especially in FWR3 (Fig. 2b) . Alternatively, GANP may not be the sole player maintaining the negative selection in the FWRs. Taking these findings together, the expression of GANP may promote stronger negative selection for maintaining the specificity and stable three-dimensional structures of antibodies.
Effect of GANP expression on the IgV-region SHM profile in the Ramos B-cell line
To investigate the primary effect of GANP on the IgV-region SHM profile, we used the Ramos B-cell line maintained in vitro. The IgV-region SHM profiles of Ramos B cells overex-
) were re-analyzed with slight modification (32) . We obtained the re-analyzed IgV-region sequences from AIDimmunoprecipitation (AID-IP) to give a more accurate picture of SHM between GFP O/E and GANP O/E , which were not obtained in the previous condition. The GFP O/E cells showed the mutation pattern of C→T (4%) and G→A (4%) in the genomic IgV IgV integrity during affinity maturation 213 region (Fig. 3a, left upper panel) , whereas GANP O/E altered the mutation pattern to C→T (35%) and G→A (35%) (Fig. 3a , left lower panel). This Ts bias is similar to that observed in the AID-bound IgV-region sequences (Fig. 3a, right panel) . The AID-bound IgV region showed predominantly Ts mutations occurring at G/C template bases, G→A (32%) and C→T (13%) in GFP O/E cells and G→A (37%) and C→T (27%) in GANP O/E cells (Fig. 3a, right (Fig. 3b ). In the AID-bound IgV region, we observed a similar ~2-fold increase in the SHM frequency in the GANP O/E cells, and a significant increase in the Ts:Tv ratio at the C/G sites in the GANP O/E cells (62:38 = 1.6 versus 38:62 = 0.6 for GFP O/E cells) (Fig. 3b, right panel) . The Ts:Tv ratio at the A/T sites appeared to be the same for the GANP O/E and GFP O/E cells. For both the genomic IgV and AID-bound IgV sequences, SHM mutations occurred at C sites much more frequently in GANP O/E cells than in GFP
O/E cells (see the C:G ratio in Fig. 3b ). These data suggest that the overexpression of GANP in Ramos B cells greatly increased the Ts mutations at C/G sites.
Association of amino acid changes with IgV affinity maturation
It has been shown that IgV sequences have evolved to tolerate extensive cytidine deamination (37) . To maximize affinity maturation, C and G bases are often precisely positioned in codons so that C→T and G→A mutations cause silent or conservative amino acid changes (37) . Because the IgV-region SHM profile is biased toward Ts mutations at C/G sites in GANP O/E GC B cells, we examined the effect of GANP on the pattern of amino acid replacement in the selected IgV region. The relationship between the SHM of V H 186.2 sequences and antibody affinity was evaluated by examining hybridomas that secrete high-affinity anti-NP monoclonal antibodies. The monoclonal antibodies from GANP Tg and WT mice, which displayed similar high affinity (K D < 1 × 10 −7 M) for the NP-hapten, were compared from our previous report (31) . Overall, the number of mutations in the V regions of monoclonal antibodies appeared to correlate inversely with the K D value, indicating that monoclonal antibodies with a higher number of SHMs have higher affinity for the antigen (Supplementary Figure S2 , available at International Immunology Online). Importantly, when we compared the monoclonal antibody amino acid sequences in detail using a strategy that classified amino acid mutations into groups with similar ('change replacement') or different ('trait replacement') properties of hydrophobicity, polarity and size (5), we found that amino acid changes occurred preferentially within the same groups in the GANP Tg mice (change 21/30 = 70%) but did not in the WT mice (13/30 = 43%) (Supplementary Table S2 , available at International Immunology Online). When we considered the amino acid mutation distribution in the IgV structure, the CDRs of the monoclonal antibodies from the GANP Tg mice showed 89% preference for amino acid change replacements with the same properties, compared with 47% in the WT mice (Supplementary Table S2 , available at International Immunology Online). The FWRs showed fewer amino acid trait replacements in the monoclonal antibodies from the GANP Tg mice (64%) than did those in the monoclonal antibodies from WT mice (71%) (Supplementary Table S2 , available at International Immunology Online).
We further analyzed the sites of IgV-region SHM and the amino acid mutations in antigen-reactive B cells undergoing IgV-region SHM in the GCs of the GANP Tg and WT mice. The frequency of hotspot usage (GYW) for AID cytidine deamination was markedly increased in the GANP Tg GC B cells relative to those from the WT mice (from 25 to 38%), whereas only a few were altered in the GC B cells of the B-GANP −/− mice (Fig. 4a) . Amino acid mutations in V H 186.2 were more frequently amino acid change replacements (282/424 = 67%) in the GANP Tg mice than in the WT mice (259/427 = 61%) in both the CDRs and FWRs ( Fig. 4b ; Supplementary Table S3, available at International Immunology Online). This conservative bias toward amino acid change replacement was slightly elevated in GANP Tg mice compared with WT mice in both the CDRs (63 versus 59%, respectively) and FWRs (71 versus 62%, respectively). Remarkably, the amino acid mutations in the B-GANP −/− mice showed the opposite patterns to those observed in the GANP Tg mice. Compared with the GANP F/F , the B-GANP −/− mice displayed more non-conservative amino acid trait replacements (24 versus 47%, respectively) for the whole IgV region, and significantly more amino acid trait replacements in the FWRs (26 versus 80%, respectively) ( Fig. 4a ; Supplementary Table S3, available at International Immunology Online). Concurrently, conservative amino acid change replacements in V H 186.2 occurred at a lower frequency in the B-GANP −/− mice than in the GANP F/F mice (53 versus 76%, respectively), and a reduction in the amino acid change replacements was also observed in both the CDRs (76 versus 81%, respectively) and FWRs (20 versus 74%, respectively). Therefore, GANP expression in B cells appears to protect them from amino acid trait replacements in the IgV region, especially in the FWRs. This result indicates the critically important role of GANP in the preservation of the three-dimensional antibody structure. DT40 B cells suggests that GANP is involved in regulation of error-prone MMR and/or access of polymerase η to the IgV region, which are principally responsible for SHM at A/T sites.
Effects of GANP on IgV-region SHM mutations at A/T sites in DT40 cells
Effect of GANP on UNG activity
The effect of GANP on UNG activity was examined with an in vitro assay using a 32 P-labeled 33-bp heteroduplex DNA substrate carrying a single U:G mismatch. The substrate DNA was incubated with Ramos B-cell nuclear extract and treated mildly with sodium hydroxide to cleave the abasic site. It was resolved with denaturing PAGE and visualized with phosphorimaging (Fig. 5) . Only the 33-nt DNA substrate was detectable in the absence of cell extract (Fig. 5a, lane  1) . The uracil excision activity in the Ramos B-cell nuclear extracts, which converts dU to an abasic site, was measured as the appearance of an 11-nt cleavage product after incubation for 5 or 10 min (Fig. 5a, lanes 2-13) . The cell extract from GANP-overexpressing cells (GANP O/E ) showed a 1.5-fold increase in UNG-specific activity compared with the control (Fig. 5a, lanes 3, 9) . It has been shown that SMUG1 can act as a back-up uracil-DNA glycosylase for dU processing in IgV and S regions during SHM and CSR (40, 41) . To differentiate the effect of GANP on UNG and SMUG1 activity, the uracil excision activity of the Ramos extracts was measured in the presence of an anti-SMUG1 neutralizing antibody (Fig. 5a, lanes 5-7, 11-13) . Consistent with the low expression of SMUG1 in B cells (40) , its inhibition led to only a slight reduction (10-20%) in the UNG activity in each B-cell extract tested (Fig. 5b) . The absence of SMUG1 did not alter the effect of GANP on the UNG activity in the Ramos cells. GANP overexpression increased the UNG activity ~1.5-fold and GANP depletion slightly reduced the UNG activity relative to that in the control cells (Fig. 5b) . Therefore, GANP may support UNG activity, and the effect of GANP in favoring Ts mutations is mediated through the regulation of the repair mechanism after the UNG-mediated removal of U from single-stranded DNA.
Discussion
Affinity maturation of antibodies occurs after extensive diversification of the immunoglobulin repertoire of B cells. Antibodies with high affinity for a given antigen are generated by cycles of SHM and antigen-affinity selection. This process is similar to the natural evolutionary mechanism, albeit on a much shorter time scale, during which random genomic mutations that confer an advantageous phenotype are selected under survival pressure. However, recent studies suggest the existence of an elaborate mechanism that controls the distribution and types of SHM at the rearranged IgV loci to maximize the affinity maturation and selection of high-affinity memory and plasma B cells (5, 37, 42) .
GANP interacts with AID in the cytoplasm and facilitates the translocation of AID to the nucleus and the targeting of AID to the rearranged IgV region (32, 33) . In our previous paper, markedly reduced mutations in GANP-IP, probably due to later access of AID after GANP binding, confirms that the role of GANP in the induction of mutation is through AID recruitment, and could mean that mutation profiles observed in GANP-IP are not an accurate reflection of SHM. In our current study, we re-analyzed former mutations to include AID-bound IgV sequences from GFP O/E B cells (Fig. 3a, right panel) , as this represents physiological SHM condition. Although GANP is important for generation of high-affinity GC B cells in vivo in response to thymus-dependent (TD) antigens (29), its effect on the level of SHM in IgV regions is modest, resulting in increases of <1.5-fold in mice and <2-fold in B-cell lines (Figs 1 and 3 ; Supplementary Table S1 and Figure S3 , available at International Immunology Online). The importance of GANP in affinity maturation might be associated with its effect on the distributions and types of IgV-region SHM mutations. The SHM profile is closely associated with the distribution of AID-initiated C→U deaminations on the transcribed and non-transcribed IgV strands and with the downstream processing of U to generate a variety of Ts and Tv mutations at C/G and A/T template sites. The results of this study provide evidence that the mere increase in mutation does not necessarily contribute to increasing the affinity of the IgV region for the target antigens. This might be consistent with the computational statistical analysis with next-generation sequencing of IgV diversification reported by Kleinstein et al., although their study did not mention the relationship with antibody affinity (27, 28) . Furthermore, the function of GANP strikingly supports the proposal of Hershberg and Shlomchik (5) that conservative amino acid changes favor the integrity of the antibody, particularly in the FWRs of the IgV structure during affinity maturation. The antibodies generated by the UNG −/− B cells did not significantly lose their affinity for the antigens (43) , indicating that SHM with predominant Ts mutations at C/G sites in UNG-negative cells can still generate high-affinity antibodies against TD antigens. This information was clearly presented in early articles (5, 43) , but the details have not been examined. The generation of high-affinity antibodies might not solely depend on the extent of diversification in the sequence of overall IgV region.
GANP likely facilitates the access of AID to the non-transcribed strand in vitro, as observed by the 9-fold increase in the C:G ratio in endogenous sequences and the 2-fold increase in AID-bound immunoglobulin sequences (32, 33) . In the analysis of the IgV-region SHM in vivo, GANP reduced the C:G ratio, also implying that GANP controls the AIDinduced mutation of the transcribed strand (31) . The GANP/ AID complex may affect the SHM profile preferentially on the transcribed strand, probably together with the transcriptional machinery. In vitro, GANP causes a pause in transcription by recruiting stalling factors (33) and creating a transcription bubble, a structure that facilitates the access of AID to the non-transcribed strand. This may play a role in the MMR mechanism, which has been shown to preferentially target the non-transcribed strand (44) . Although UNG and MMR play roles in the further amplification of mutations, the role of GANP might be to restrict the mutation of the IgV region to Ts-biased mutations at the level of MMR and/or the DNA polymerases. However, the regulation of strand preference seems to be a little more complicated in vivo than in vitro, although our data clearly show that GANP induces a transcription-strand bias.
The codon usage and the amino acid appearance of any given profile are not simply random, but might be inherently regulated to conserve the genotype so that point mutations do not directly cause a functional change. The IgV region, composed of heavy and light chains, forms a pocket that interacts directly with the tertiary structure of an antigen through the loop structures of the CDRs, in which a considerable proportion of the amino acid changes is associated with affinity maturation. However, antigen-driven B cells are under pressure to maintain the same antigen specificity, even during the antigendriven diversification of the IgV repertoire. The conservation of the FWR β-strand is significant for the assembly of the backbone and for the global structure of the IgV region. The CDR loop is highly variable in the genome and the codon usage in the CDRs seems to have developed with a greater inherent tendency to mutate into different amino acids by replacement than the codon usage of the FWRs (5, 37, 45) .
A single-nucleotide mutation that will result in an amino acid change was designated an 'amino acid changeability mutation', and changes that cause non-conservative amino acid changes and radically alter the amino acid encoded, including its hydrophobicity, polarity and size, are designated 'trait changeability mutations' (5). Therefore, IgV region SHM profiles appear to be unequal, which is presumably attributable to a Ts bias at the nucleotide level. In our analysis of IgV-region SHM profiles and the affinities of monoclonal antibodies for NPhapten, the GANP Tg mice favored Ts mutations at C/G, resulting in an amino acid change to a similar or the same amino acid group, classified according to the amino acid properties, particularly in the CDRs. This function may be important for ensuring antigen specificity and the maintenance of the protein backbone in the IgV region during the acquisition of many point mutations at the C nucleotides in the CDRs and FWRs.
As well as BER and MMR, homologous recombination (HR) is also reported to induce SHM (46) (47) (48) (49) . GANP has been shown to promote HR by suppressing non-homologous end-joining (NHEJ) (39) , so HR may be involved in the introduction of single-base substitutions. This would efficiently induce the required amino acid replacement in the IgV region, without disrupting its genomic structure. In contrast, NHEJ roughly reconnects broken ends, which probably induces frameshifts and jeopardizes the whole structure of the IgV region. This could explain why the IgV region must be protected from NHEJ (50) . The role of GANP in protecting the IgV genomic structure may be part of a more global role in protecting DNA from damage and is probably associated with transcription-coupled DNA repair.
GANP functions in regulating the access of AID/APOBEC3G to the selected target DNA strand (32, 33, 51) . This ability to limit the access of potentially hazardous enzymes is presumably important for protecting the genomes of host cells. Moreover, GANP also minimizes the damage to the genome and presumably prevents the genomic DNA from rigorous alteration by inhibiting NHEJ repair by interacting with and dissociating from the DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) during the DNA damage response (39) . Therefore, GANP may play a 'stagehand' role in protecting the protein structure and maintaining the antigenspecific reactivity of the IgV region. GANP is thought to be a crucial molecule that has evolved the AID/APOBEC family of cytidine deaminases in mammals, with their highly developed humoral immunity.
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